Superplastic structural ceramics (Y-TZP, A1203, Si3N4, and their composites) that can withstand biaxial stretching to large strains have been developed recently. Microstructural design of these ceramics first requires an ultrafine grain size that is stable against coarsening during sintering and deformation. A low sintering temperature is a necessary, but not a sufficient, condition for achieving the required microstructure. In many cases, the selection of an appropriate phase, such as tetragonal phase in zirconia or a phase in silicon nitride, which is resistant to grain growth, is crucial. The use of sintering aids and grain-growth inhibitors, particularly those that segregate to the grain boundaries, can be beneficial. Second-phase particles are especially effective in suppressing static and dynamic grain growth. Another major concern is to maintain an adequate grain-boundary cohesive strength, relative to the flow stress, to mitigate cavitation or grain-boundary cracking during large strain deformation. Existing evidence suggests that a lower grainboundary energy is instrumental in achieving this objective. The selection of an appropriate phase and the tailoring of the grain boundary or liquid-phase composition can sometimes drastically alter the cavitation resistance. Related observations on forming methods, forming characteristics, and sheet formability are also reviewed. The basic deformation characteristics are similar to diffusional creep and are dominated by 1. Introduction SUPERPLASTICITY is phenomenologically defined as the ability of a material to exhibit exceptionally large tensile elongation during stretching.l,z It is a property commonly found in many metals and alloys when the grain size is refined below several micrometers and the deformation temperature is above two-thirds of the melting point.2 At such small sizes micrograins can flow, much like sand particles in a watersaturated slip, by way of atomic diffusion along grain boundaries. Models of diffusional creep and grain-boundary sliding, which predict a nearly Newtonian flow rate inversely proportional to the grain size to a certain power, have been advanced to explain such a phenomenon.l.3-7 The details of these mechanistic models, however, have received only limited experimental corroboration, and the exact mechanisms of superplasticity are still controversial to this date. Despite such uncertainties, these materials intrinsically embody a high resistance to strain localization, or necking, in tensile deformation because necking necessarily entails a higher local strain rate and thus a higher local flow stress, which will be resisted by the rest of the body.3.8 Several commercial processes in metal industries have taken advantage of these high ductilities to form intricate, large-scale components directly into their net shape. 7,g.lO Following the report in 1986 of superplasticity in SY-TZP,Il a fine-grained tetragonal zirconia partially stabilized by 3 moWo yttria, considerable research has been conducted to explore the generality of this phenomenon in other ceramics.12 Existing evidence indicates that the polycrystalline ceramics with a grain size below 500 nm are potentially superplastic at high homologous temperatures. Singlephase ceramics which have been found to be superplastic, i.e., which exhibit large ductility in uniaxial or biaxial stretching, include Y-TZP,Il alumina,l3 and hydroxyapatite.14 Polyphase ceramics which have been found to be superplastic include zirconialalumina,l3.15,~6 zirconialmullite,~7-19 silicon nitride,zo and silicon nitride/silicon carbide with other mixed phases.21.22 This list is expected to expand in the future.
Several biaxially punch-stretched samples made of various structural ceramics, i.e., zirconia, alumina, silicon nitride, and their composites, are shown in Fig. 1 . The broad forming conditions, in terms of forming temperature and forming time, are indicated. The quality of the as-formed surfaces is excellent. These demonstrations suggest the possibility of deformation processing of dense ceramics at high temperatures (using methods commonly reserved for metals, plastics, and glasses). These processes could include sheet forming, blowing, extrusion, stamping, and forging. Compared with the conventional forming processes of crystalline ceramics, which are conducted at low temperature before firing, these processes have the advantages of greater shape flexibility and better dimensional accuracy. The latter are especially important considerations for netshape forming.9
This paper describes various materials considerations which have guided the development of superplastic structural ceramics. The scope of this paper is shown in Fig. 2 , which outlines the major factors involved in ceramic superplasticity and their interrelationships. Within this context, we have attempted to critically assess the most significant results in the literature of ceramic superplasticity, and to provide an overview of the highlights of our own effort in this area. The intimate and complicated structure-property-processing relationships in this class of ceramics, which must have an ultrafine microstruc- Fig. 1 . Superplastic forming temperatures and times of structural ceramics. Hemispherical punch with a 6.5-mm radius was used to stretch the initially flat, 1 -mm-thick disks into the shape shown. Surface finish was excellent and glossy for silicon nitride, zirconia, and zirconia-rich composites, Surface of alumina, although free of visible defects, appeared dull. Under optimal conditions, forming operation can be completed at even lower temperatures and shorter times. ture achievable through a judicious crystal structure selection or a second-phase addition, form the subject of Section 11 of this paper. Deformation characteristics and methods for evaluating formability are described in Sections Ill and IV to provide further insight into this active research field.
II. Materials Considerations
In developing superplastic ceramics, high deformation rate and high ductility are the primary objectives. Practical considerations further dictate that these properties should be achievable at the lowest temperature possible. The basis of materials considerations concerning a high deformation rate and a low deformation temperature lie in the consititutive equation of superplastic flow, which can be expressed in the following form?
i =Ao"ldP
( 1 1 where E is the strain rate, o is the stress, d is the grain size, n and p are stress and grain-size exponents, respectively, and A is a temperature-dependent, diffusionrelated coefficient which can be expressed in an Arrhenius form. For superplastic ceramics, n and p are typically between 1 and 3. Therefore, a high deformation rate and a low deformation temperature can be achieved by the following steps.
(i) Lowering grain size: Grain-growth control can be achieved through lowtemperature sintering and the use of additives;23 present practice has found a lower limit of approximately 200 nm for the grain size in bulk ceramics such as TZP, alumina, silicon nitride, and their composites. Microstructures of some selected superplastic ceramics are shown in Fig. 3 .
(ii) Increasing lattice diffusivity, grainboundary diffusivity, or introducing a grainboundary liquid phase as a fast diffusion path: The forming temperature of Y-TZP has been lowered from 1350" to below 1200°C with the addition of a small amount of transition-metal oxides which segregate to grain boundaries.24 In silicon nitride, a liquid phase is also present which facilitates deformation.20,21
Although these two steps are necessary, they are not sufficient for achieving superplasticity in a given ceramic for the following reasons. First, in many instances the fine-grained microstructure proves to be unstable under superplastic deformation; i.e., dynamic grain growth may take place. Thus, a fine initial microstructure provides little assurance of the formability of a ceramic. Second, failures of superplastic ceramics appear to be of a brittle intergranular type which is not preceded by extensive necking, unlike most superplastic metals and alloys. Thus, a high cohesive strength at grain boundaries is crucial for achieving high ductility without fracture. Additives for grain refinement or a grain-boundary liquid must be carefully selected so that a high grain-boundary strength is not compromised. Prior to the recent discovery of ceramic superplasticity, there was little appreciation or understanding of these aspects in the ceramic field. Therefore, the initial attempts at microstructural and microchemical tailoring of superplastic structural ceramics demanded considerable empiricism. Over the last two years, however, intensive studies on superplastic zirconia and the development of superplastic alumina and silicon nitride collectively provided an extensive body of knowledge on the problems of dynamic grain growth and grain-boundary cohesive strength. They also shed some light on related aspects, such as grain-boundary chemistry, grainboundary mobility, grain-boundary energy, and their relation to deformation and fracture of ultra-fine-grained ceramics.
This knowledge can now be used to formulate some useful and self-consistent guidelines to direct future materials design for superplastic applications. In the following sections, overviews of this knowledge, and the insights derived thereby, are summarized for each class of ceramics to better elucidate the processing-structureforming relationships outlined in Fig. 2 .
(1) Zirconia Ceramics
Tetragonal zirconia polycrystals, containing 2 to 4 mol% yttria, have been reported to be superplastic at temperatures above 1 3OO0C,12 beginning with the work of Wakai eta/. on 3Y-TZP.11.25-28 For more than a decade, we have known that yttria-stabilized tetragonal zirconia has a characteristically fine-grained microstructure29 (see Fig. 3(a) ), which is relatively uncommon among ceramics. The need for maintaining a submicrometer grain size was initially motivated by the pursuit of transformation toughening.29-31 Ultrafine grains are required to avoid spontaneous tetragonal-to-monoclinic transformation, for which nucleation statistics are grain-size dependent.32 The subsequent use of this material as a tough and strong ceramic (Klc above 5 MPa.ml'2 and strength exceeding 1200 MPa)33 has stimulated the industry to provide powders of an excellent sinterability. These commercially available powders can be readily processed to obtain dense ceramics with a grain size ranging from 0.3 to 0.5 pm, sufficiently fine to allow superplasticity above 1350°C. It is for this reason that 3Y-TZP has become almost the universal choice for demonstrating ceramic superplasticity in the last few years.
The relatively good characteristics of zirconia powders contribute to their excellent sinterability and microstructure. The question then becomes, "Is there an intrinsic explanation, if any exists, for the very fine grain size 0bserved?"3~ A related question is whether there is an intrinsic cause for the emergence of Y-TZP as an excellent superplastic ceramic. We believe that the answers to both questions have now been given. The primary attributes of Y-TZP as a fine-grained superplastic ceramic are closely related to the strong segregation of solute cations to the grain boundary, which lowers the grainboundary mobility and the grainboundary energy.35 A secondary advantage of TZP appears to be its ability to contain a glassy grain-boundary phase, which facilitates sintering and deformation without compromising microstructural stability and grain-boundary strength.
Direct evidence for Y3+ segregation at TZP grain boundaries has been provided by X-ray photoelectron spectroscopy (XPS) of intergranularly fractured specimens.36 Similar segregation and graingrowth studies on the effects of other cations have revealed a general trend: divalent and trivalent cations are enriched at the grain boundary, whereas tetravalent and pentavalent ones are not. Only the former can suppress grain growth. The effectiveness of the dopants Can+, Mg2+, Y3+, Yb3+, Ins+, SC~', Ce4+, Ti4+, Ta5+, and Nb5' in suppressing grain growth ranks in the order listed from most to least effective. This sequence can be rationalized if it is recognized that the grain boundary in TZP is positively charged36 and that larger cations diffuse more slowIy.37 A schematic diagram illustrating the trend for grain-boundary mobility is shown in Fig. 4 . Essentially, from the charge consideration, cations of a valence lower than 4+ are expected to form a space charge cloud38 around the grain boundary, more so for Ca2' and Mg2+ than for Y3' and other trivalent cations. Tetravalent and pentavalent cations are not expected to segregate for the same reason. From the size-diffusivity consideration, the solute drag of the larger cation is expected to be more effective, i.e., Can' more than Mg", and Y3' more than Yb3+, Ins+, and Sc3+, in that order. Yttrium cations, being trivalent and oversized, with a relatively large (2.5 mol%) solubility in zirconia, thus serve as a rather effective solute in suppressing grain growth during sintering. It is for this reason that fine-grained Y-TZP is readily obtainable under nearly all processing conditions.
A comparison of the grain-boundary mobility of 2Y-TZP, 12Ce-TZP, 12Ce-TZP with 0.3 and 1 mol% calcia, and 8Y-CSZ is made in Fig. 5 . Compared with Y-TZP, both CeTZP and CSZ have a much faster rate of grain growth. Microanalysis of the near grain-boundary region reveals little solute segregation in Ce-TZP and 8Y-CSZ. In the case of Ce-TZP, the mobility of the grain boundary can be lowered progressively by adding calcia, which segregates strongly.36 Calcium, as noted, is the most potent dopant for suppressing grain growth in TZP. Therefore, the observed effects are in accordance with the space charge model.
Rapid grain growth has been observed in a number of materials that have been superplastically deformed.12.39-43 Accord-ing to Eq. (I), grain coarsening during deformation causes an increase of the flow stress. The resultant strain hardening is very pronounced, and it unmistakably signals the occurrence of dynamic grain growth. To illustrate this, stressstrain curves of 2Y-TZP, 12Ce-TZP, I2Ce-TZP with 0.3 and 1 mol% calcia, and 8Y-CSZ are shown in Fig. 6 . Among them, 12Ce-TZP and 8Y-CSZ exhibit pronounced strain hardening and grain growth, but 2Y-TZP and Ce-TZP with 1 mol% calcia do not. (These tests were performed in compression to minimize the effect of cavitation or grain-boundary cracking, which is quite severe in 8Y-CSZ.) Comparing these results with Fig.  5 , we further note that, even though the addition of 0.3 mol% calcia is enough to largely suppress static grain growth, it is inadequate for suppressing dynamic grain growth. It seems likely that, under superplastic deformation, grain boundaries are able to break away from the solute cloud44 when only 0.3 mol% calcia is present. Thus, although solute segregation may still slow down dynamic grain growth, in general, it does so less effectively than that for static grain growth.
In addition to being susceptible to dynamic grain growth, I2Ce-TZP and especially 8Y-CSZ seem to cavitate easily, even when deformed in compression. This observation suggests that they have a lower grain-boundary strength than that of Y-TZP. A higher grain-boundary energy in 8Y-CSZ than that of Y-TZP has been reported based on dihedral angle measurements in the two-phase tetragonallcubic zirconia ceramics35 (see Table I and Fig. 7) . Because the dihedral angle is determined by the ratio of the interfacial energies, these data allow the calculation of the relative energies of the tetragonal grain (Similar correlations have also been observed in alumina and its phase boundaries with zirconia, as will be discussed in the next section.) This correlation suggests that an added benefit of solute segregation in Y-TZP is the lowering of the grainboundary energy, which could, in turn, have the effect of increasing the cohesive strength of the grain boundary. If this correlation extends to other zirconia ceramics, it also follows that, because they lack solute segregation, both 8Y-CSZ and 12Ce-TZP have higher grain-boundary energies and thus lower cohesive strengths.
To enhance the diffusivity and lower the deformation resistance of zirconia ceramics, additives which segregate to the grain boundary and which possibly form a grain-boundary low-melting phase can be quite effective. Transition-metal oxides (Sc, Ti, Nb, Cr, Mn, Fe, Co, Ni, Cu, and Zn) at 0.3 mol% have been investigated for this purpose.45 Of the above, Mn, Co, Ni, and Zn were found to lower the sintering temperature and lower the grain size; Cu was found to lower the sintering temperature but slightly increase the grain size; and Sc, Ti, Nb. and Cr did not aid sintering. Deformation data for 2Y-TZP with various dopants, sintered and tested at 1 250°C, are shown in Fig. 8 . Figure 8 shows that Mn, Fe, Co, Cu, and Zn lower the flow stress, with Cu being the most effective. Segregation of these latter elements to the grain boundary was confirmed by XPS. Additional studies of the Cu-doped 2Y-TZP further established the formation of a grain-boundary liquid phase around 11 30"C, although, even before melting, the grain-boundary phase had already facilitated deformation by enhancing diffusivity.24 In all cases, ductility of the ceramics, as well as other t-ZrO, c-Zr02 i m port ant m ec h an i cal properties (strength, toughness, hardness, and stability against moisture), was not impaired by the small amount of additives.
Note that zirconia ceramics usually contain a ceratin amount of Si impurity, which is localized at the grain boundaries.46 A ternary eutectic between zirconia, yttria, and silica exists at 1350°C. Most likely the addition of Mn, Fe, and Zn has lowered the eutectic termerahre. In y, , the case of Cu, it is reported that a binary eutectic of copper(li) oxide (or copper(l) oxide) and zirconia lies between 1100" It is remarkable that all Y-TZP ceramics are superplastically formable, as demonstrated in Fig. 1 . (Formability will be discussed in more detail in Section IV.) Apparently, there is no loss of grainboundary strength despite a thin grainboundary layer of amorphous or even liquid phase, which is the result of unintended sourcelprocess contamination or deliberate doping. In this context, note that the characteristic dihedral angles measured at triple points between various zirconia phases are always quite distinct (Fig. 7) . This distinction indicates that their respective interfacial energies are well-defined. We then conclude that the presence of a thin grain-boundary phase in Y-TZP ceramics does not dispel the classical notion of interfacial and like energies,36 and that even "contaminated" grain boundaries can have excellent strength and cavitation resistance.
Thus, the following major conclusions concerning superplastic material development can be made from zirconia studies.
(i) The selection of an appropriate crystalline phase is often important for achieving an ultrafine grain size in single-phase ceramics. Tetragonal zirconia is a superior superplastic ceramic whereas cubic zirconia is not.
(ii) Both static grain growth and dynamic grain growth are closely related to the grain-boundary mobility. In tetragonal zirconia, segregating dopants are much more effective in suppressing static grain growth than dynamic grain growth.
(iii) Solute segregation has an added benefit in lowering grain-boundary energy and, correspondingly, strengthening the grain boundary.
(iv) The grain-boundary amorphous second phase, containing Si, Zr, Y, 0, and most of the heavier transition-metal cations of the third row, is very effective in lowering the superplastic flow stress and increasing the deformation rate without lowering the grain-boundary cohesive strength.
(2) Alumina
There have been several unsuccessful attempts in the past to develop superplastic alumina.'6.48-52 However, the tensile ductilities reported in these studies were all much lower than that found in zirconia. Recently, we have succeeded in superplastically stretching alumina (doped with 200 ppm magnesia) to large strains.13 A disk so formed is shown in Fig. 1 , and its microstructure is illustrated in Fig. 3(b) .
Although large-strain superplasticity is now possible, difficulties encountered in the course of developing superplastic alumina did provide valuable lessons to our current thinking about superplasticity in ceramics. These difficulties are related to processing, the use of additives, and their consequences on microstructural development and superplastic characteristics.
Unlike the case of Y-TZP, special attention must be paid to alumina powder processing. Because sintering alumina below 1300°C requires considerable skill and effort53 and grain growth above 1300°C is rather fast, only a very narrow processing window is available for this ceramic. The window may be widened somewhat by the use of additives that suppress grain growth, by hot-pressing, and by improving powder processing to allow densification at lower temperatures. Unfortunately, we have found magnesia ineffective in further lowering of the graingrowth rate in very-fine-grained alumina sintered below 1300°C. As for hotpressing, results of previous studies seem to place a lower bound of about 1 pm for the grain size of alumina,43.50.54 which is not fine enough for superplastic applications. Thus, low-temperature sintering is the only alternative.
From a processing viewpoint, the main obstacles for low-temperature sintering of ceramic powders are hard agglomerates in the powders and poor packing in the green body.53.55.56 Powders often contain hard agglomerates which later sinter at different rates and inhibit shrinkage of the matrix by exerting a mechanical constraint. Poor packing of powders lowers the green density, which often delays sintering and leaves behind flaws.56 These problems can largely be avoided by meticulous handling of powders. This entails breaking up hard agglomerates in the starting powders, manipulating and controlling interparticle forces in the colloidal powder suspension, and direct consolidation of the slurry into a green body using colloidal pressing or pressure filtration techniques.56 The resultant homogeneous green compact, with a higher density and fewer defects and agglomerates, has a markedly improved sinterability. This can facilitate low-temperature sintering and the attainment of very fine microstructures.
Low-temperature sintering of pure alumina at 11 50°C has been reported using special classified powders of a very fine particle size.53 In this case, the grain size at 99% of theoretical density is 0.25 pm. The yield of this type of processing, however, is too low for the purpose of laboratory testing of superplastic formability. Using unclassified powders and colloidal processing techniques, we have been able to sinter pure alumina at a ternperature of 1250°C. The microstructure of a sintered pure alumina is shown in Fig.  9 (a). The grain size is as fine as 0.5 pm and remains relatively stable during annealing at temperatures below 1300°C.
Pure alumina of such a grain size has a very low initial flow stress. However, it fails to deform super p I astical I y because of rapid dynamic grain growth, which causes strain hardening (see Fig. 9 (b) for the deformed microstructure and Fig. 10 for the stress-strain curve). Note that grains of a larger size in the deformed microstructure tend to be elongated. This is a general feature of grain growth in alumina and may be attributed to the anisotropy in grain-boundary energy.57 Large grains of this type serve as stress concentrators and potent nucleation sites for cavitation, thus degrading the ductility. A higher deformation temperature only exacerbates the problems, as shown in Fig. 9 
(c).
A fundamental problem associated with pure alumina is its relatively high grain-boundary energy. In addition to providing a higher driving force for grain growth, the high energy may also cause the grain boundary to have a relatively low cohesive strength, according to the argument advanced in the previous section. The direct evidence for a higher grain-boundary energy is once again provided by dihedral angle measure ments, and the results are illustrated in Ta grain-boundary energies of alumina (yaa) and zirconia (yn and ycc) to the interfacial energy between the two (vat and yac).
The ratio reveals that the grain-boundary energy of alumina is even higher than that of cubic zirconia, which is higher than that of 2Y-TZP, as noted previously. The interfacial energies follow the sequence YaaT Y C C~ Yacs Yat, ytt, from highest to lowest. As expected, pure alumina has a high propensity for cavitation, even in compression (see Figs. 9(b) and (c)).
We have already mentioned magnesia as an additive for grain-growth control. Segregation of magnesia and other additives in alumina is fairly well established and has been attributed to the elastic energy due to a size misfit.58 Unlike zirconia, however, alumina has very little Fig. 10 . Stress-strain curves for alumina. Strain hardening in pure alumina and magnesia-doped alumina is due to dynamic grain growth. The eventual decrease in stress in pure alumina is a result of cavitation. Note that alumina with 2% liquid was tested at a lower temperature. solubility for most aliovalent cations. For example, the solubility of magnesia at 1500°C is only 200 ppm.59 At such a low concentration and at low temperatures (below 13OO0C), magnesia has an unnoticeable effect on static grain growth. However, dynamic grain growth can be brought under control by the same amount of magnesia. This can be appreciated by comparing the stress-strain curve of pure alumina and 200 ppmmagnesia-doped alumina in Fig. 10 . The relatively mild strain hardening of the latter is a direct consequence of the slower dynamic grain growth in this material. As demonstrated in Fig. 1 , magnesia-doped alumina can be superplastically stretched to large strains.
Attempts have also been made to introduce a low-melting liquid phase (such as boron oxide and copper(l1) oxide) and various charge-compensating dopant pairs (such as Cu2+ and T14' ) to alumina to lower the sintering and superplastic forming temperatures. These ceramics have very fine grains and they can be sintered and deformed at temperatures around 1050°C. The resultant stressstrain curve is shown in Fig. 10 . However, deformation is accompanied by abnormal growth of some grains. The cause for abnormal grain growth in this case is probably again associated with the anisotropy of grain-liquid interfaces. Moreover, the tensile ductilities are disappointing for these specimens, reaching only 15°/o. These low ductilities indicate a severely degraded grainboundary cohesive strength, which is further compounded by the stress concentrations around abnormally large and elongated grains.
Thus, the following major conclusions are made from the above data for superplastic alumina.
(i) Because of its high and anisotropic grain-boundary energy, pure alumina is weak along the grain boundary and is prone to rapid, abnormal grain growth, making it an inherently difficult choice for ceramic superplasticity.
(ii) The use of additives is less effective for alumina than that for zirconia because of the limited solubilities of nearly all the cations. This results in the relatively weak grain-boundary cohesion observed in most cases to date.
(iii) Although magnesia is not necessarily needed for effecting low-temperature sintering, it does lower the grain-boundary mobility in dynamic grain growth. This has made large-strain superplastic stretching possible.
(iv) As the liquid phase lowers the flow stress of alumina, it also facilitates abnormal grain growth and probably lowers the interfacial strength. Superplasticity of alumina at low temperatures (below 1350°C) thus appears unlikely, except in composites.
(3) Silicon Nitride
Two superplastic silicon nitrides have been reported recently. A fine-grained silicon nitridelsilicon carbide composite (20 wt% silicon carbide) containing a variety of other mixed phases was deformed in tension to 150% at 1600°C and a strain rate of 4 x 1 O-5k. 21 Another silicon nitride,20 shown in Fig. l , was punchstretched at 1500°C. The microstructure of the latter is shown in Fig. 3(c) .
In ceramic alloy design, there is a close analogy between silcon nitride and the two other ceramics discussed in the previous sections. Like zirconia, two polymorphs, a-and fl-silicon nitride, exist which transform from one to the other by reconstruction. Both phases have a large range of solubility. The a-phase solid solution can be represented as M~"Si6-x-zAI,+=OxNa-x and is commonly referred to as a '-sialon in this form.60 Here M is a cation of a valence n and of an appropriate ionic radius. The p-phase solid solution can be represented at Si 6-, AI , 0, N8, and is referred to as /3 '-sialon in this form.61 Both phases are derived from the respective a-or p-silicon nitride unit cell by partial replacement of Si 4' by AP+. Valence compensation is by substitution of N3-or 0 2 -and, in the case of a '-sialon, by additional modifier cations occupying the interstices of the (Si-AI)-(N,O) network similar to that of the stuffed derivatives of silica.62 Similar to alumina, p'-silicon grains have a strong tendency for anisotropic grain growth at higher temperatures. They typically assume a needlelike morphology, and the growth mechanism involved has been identified previously.63 in contrast, a'-sialon grains tend to be small and equiaxed over a wide range of temperature, even though its crystal structure is highly anisotropic.60 To sinter both sialons, metal oxides are often added as liquid-phase sintering aids.64 This enhances densification and facilitates the conversion of the starting powders to the final, alloyed phases of the intended compositions. The amount and the composition of the liquid, as well as those of other phases, undergo continuous changes as sintering and annealing proceed.64 Because metal cations can be incorporated into the a 'sialon, it is theoretically possible to obtain a single-phase a '-sialon without any remaining liquid phase. This is not the case for /3 '-sialon, which has no solubility for any cations other than Si 4' and AP+.
The superplastic silicon nitride shown in Figs. 1 and 3(c) was designed to form a '-sialon.20 A small amount of crystalline yttrium aluminum garnet and a-silicon nitride also exist in the final phase assemblage at 1500°C. The amount of the liquid phase that exists during forming is relatively small, This ceramic maintains an equiaxed grain shape during superplastic forming, Because of the very fine and stabie microstructure, this ceramic can be Table I . Also shown schematically is the relationship between dihedral angles and interfacial energies.
deformed at a relatively low temperatures. The presence of the liquid phase lowers the flow stress still further. As shown in Fig. 12 , only a mild strain hardening is apparent in superplastic deformation. The deformed microstructure, containing mostly equiaxed, fine grains, is shown in Fig. 13(a) .
Wakai eta/. took a different approach to developing a superplastic silicon nitride.21.22 They added silicon carbide to silicon nitride in the hope that grain growth would be suppressed. In addition, they used an amorphous Si-C-N powder to fabricate a hot-pressed composite in the hope that the initial grain size would be minimized. However, the composition of this silicon nitride was such that fl '-silicon nitride was the predominant phase, which began to develop an elongated grain shape in fabrication.22 The sintering aids added (yttria and alumina) provided a considerable amount of liquidphase and other phase mixtures which evolved with time. Although this silicon nitride can be deformed above 1600°C, strain hardening is prominent, possibly because of the anisotropic grain growth of / 3 '-sialon.21.22 The higher deformation temperature also dictates that a severe weight loss occurs because of vaporization of silica from the liquid phase, and from nitrogen decomposition. Despite these problems, a large tensile ductility exceeding 150% was achieved, although the weight loss has caused deterioration of the surface finish.2' A comparison of the stress-strain curves and deformed microstructures of the above two superplastic silicon nitrides is shown in Figs. 12 and 13. It is evident that the flow stress of a'-sialon is much lower than that of / I '-sialonlsilicon carbide and that the microstructure of the former is much finer.
Thus, despite the substantially different phase compositions, amounts of the liquid, strain-hardening rates, microstructures, and deformation characteristics, large ductilities seem obtainable in several families of fine-grained silicon nitrides.
This suggests that the (Si, Al, 0, N) liquid present, partially modified by yttrium and possibly other cations, is available for superplastic stretching in that the liquid provides an adequate plastic deformation stability and cavitation resistance to prevent strain localization and fracture. Although further research is required to establish the optimum composition of the liquid and the lower limit of its amount for superplastic forming, these initial findings and their implications are indeed encouraging.
The following major conclusions regarding the development of superplastic silicon nitride are made.
(i) Obtainable through judicious phase and compositional control, equiaxed finegrained silicon nitride in the form of a-silicon nitride and a '-sialon are resistant to static and dynamic grain growth. In contrast, p-silicon nitride and p '-sialon are prone to anisotropic grain growth during forming, particularly at higher temperatures, which causes severe strain hardening.
(ii) The liquid phase in silicon nitride, containing Si, Al, 0, N, Y, and possibly additional cations, has adequate cohesive strength to resist cavitation in superplastic forming.
(iii) Silicon nitrides are excellent candidates for superplastic forming at intermediate temperatures, around 1500°C.
At higher temperatures, weight loss from liquid vaporization becomes severe and the surface quality deteriorates. Compared with monolithic ceramics, composites have the distinct advantage of superior microstructural stability against both static and dynamic grain growth. The as-sintered composites usually have a smaller grain size, even though they may require a higher sintering temperature than those of the monolithic ceramics made of either constituent. In particular, a duplex microstructure can be obtained, i.e., one in which two phases are of nearly equal volume fraction and are both multiply connected. Known for its fine grain sizes and excellent resistance against coarsening, many such microstructures have figured prominently in the historical development of superplastic metallic alloys (e.g., Pb-Sn and Zn-Al alloys, a-p brass, a-/3 Ti alloys, and a-y stainless steel).z Duplex microstructures have also been obtained for zirconialmullite and zirconialalumina composites. An example of the latter is shown in Fig. 3(d) with a grain size of about 0.2 pm. Sintered in the temperature range of 1370" to 1 480°C, these duplex composites can maintain their very fine microstructures even after large superplastic deformation, provided that the deformation temperature does not exceed the sintering temperature.
Considerable microstructural stability is already evident when the second phase is present at a smaller volume fraction, typically no more than 20%. This improvement is especially important for dynamic grain growth. A striking example is encountered in alumina with zirconia inclusions. Although fine-grained pure alumina is subject to rapid dynamic grain growth, its grain size remains largely stable during superplastic deformation when 10 vol% zirconia is added. This addition of zirconia also suppresses (or eliminates) strain-hardening behavior, as shown in Fig. 10 , thus improving the superplastic formability of this material.
From a microstructural control view point, there is an important relationship between the matrix grain size and the size or amount of the second-phase particles. Since the early work of Zener,e6 the particle-pinning effect has been of continuing interest. Superplastic ceramic composites offer an opportunity to reexamine this effect in ultra-fine-grained ceramics. According to the analysis of Hellman and Hillert,67 the matrix grain size, d, is 1.8 times that of the particle size, r , normalized by the cube root of the volume fraction, v. This is equivalent to having 6 pinning particles, on average, for every grain. In this model, grains are pinned in three dimensions by particles residing on grain corners.
Data from fine-grained zirconialmullite and zirconialalumina, for a volume fraction of the second phase between 1% and 15%, are plotted in Fig. 14 to evaluate this prediction. Although some scattering does exist, these data can be reasonably correlated by the following equation:
where LT is about 0.75. This is equivalent to having 0.4 of a pinning particle for every grain. Since Hellman and Hillert's model assumes equilibrium and the prediction is for the limiting grain size, it is expected that the model has severely underestimated the pinning effect. This is especially so when low-mobility grain boundaries dominate, as should be the case in the best superplastic ceramics. From a practical point of view, the indication of a much stronger pinning effect than their model has suggested is certainly encouraging.
The beneficial effect of a second phase on coarsening stability is largely lost when a significant amount of liquid phase is present. For example, adding silicon carbide to silicon nitride appears to have little effect on the growth of p '-sialon grains ( Fig. 13(b) ), which assume a characteristically elongated shape.21 Growth of p '-sialon grains probably proceeds via a solution-reprecipitation mechanism through the liquid phase aided by phase conversion in these ~eramics.63~64 Because particle coarsening is only weakly Journal of the American Ceramic Society-Chen an dependent on the volume fraction of the particulate phase itself,68 the presence of another inert inclusion phase (silicon carbide) is not expected to have a major effect on the coarsening of silicon nitride. Experimental observations of considerable strain hardening in this material (see Figs. 12(c) and (d)), as well as the deformed microstructure reported ( Fig.  13(b) ), are consistent with the above expectation.
The following major conclusions regarding the development of superplastic ceramic composites are made.
(i) As in metals, ceramic composites with a duplex microstructure are essentially stable against static and dynamic coarsening at temperatures below that for sintering. These composites are excellent superplastic ceramics.
(ii) Composites with a modest amount of second phase gain considerable stability against static and dynamic grain growth. Thus, the grain size remains small after sintering and during forming and the material becomes superplastic. In alumina, for example, particle pinning renders the composite superplastic whereas pure alumina is not.
(iii) When grain growth occurs by Ostwald ripening via solution, diffusion, and reprecipitation through a liquid phase, static and dynamic grain growth cannot be suppressed merely by the introduction of second-phase inclusions. Unless the primary phase is itself stable against coarsening, these composites have only a limited capacity for superplastic deformation.
Deformation Characteristics
Although there is general agreement that deformation mechanisms in superplasticity are similar to diffusional creep,3 definitive identification of specific mechanisms has not been successful. Reviews of data from superplastic metals reveal that, in several important aspects, superplasticity2.4-7 differs from diffusional creep.38 First, the grain shape change after large deformation is remarkably small, contrary to that envisioned in diffusional creep models. Second, the contribution from grain-boundary sliding is unusually large, compared with diffusional creep. Third, the stress and grain-size exponents are often substantially different from the prediction of simple diffusional creep models. These discrepancies have motivated several models which modify the conventional descriptions of diffusional creep for superplastic applications. In particular, concepts such as grain switching,4 grain rotation,s and grain-shape transformations have been introduced, and the enhanced roles of grain-boundary sliding and grainboundary migration have been proposed. Some also envision an interplay of diffusional processes and (grainboundary or lattice) dislocation processes.69.70 Despite these efforts, such id Xue Vol. 73, No. 9 models are largely qualitative and fail to quantitatively account for the observed deformation rate of superplasticity. This state of the art dictates that the present discussion of deformation characteristics should be confined to comparisons based on the phenomenological constitutive equation (Eq. (1)). In the following, an analysis of the stress, grain size, and temperature dependence of deformation for several superplastic ceramics is first presented. The effect of a second phase is then rationalized based on continuum mechanics models and on interface-related considerations. Finally, the origin and the effect of dynamic grain growth on deformation characteristics are explored. We postpone the discussion of fracture to Section IV where superplastic formability is assessed.
(1) Stress, Grain Size, and Temperature Dependence
Our discussion of the stress, grain size, and temperature dependence in ceramic superplasticity is concentrated on 2Y-TZP and alumina, where the best and most complete data are available. Although 3Y-TZP has been widely studied, it contains some cubic grains which tend to grow larger in size over time, making a definitive analysis of the deformation characteristics more difficult. For comparison, diffusional creep data of Y-CSZ will also be reviewed. [71] [72] [73] [74] In the absence of any intentionally added liquld phase, data for 2Y-TZP from different studies12.17.24.75 are in reasonable agreement with each other when experiments conducted under similar deformation conditions are compared (see Fig. 15(a) ). No significant grain growth is evident in 2Y-TZP at lower test temperatures. The stress exponent ranges from 1.5 to 2, and is independent of temperature. Wakai has also reported an increasing stress exponent with decreasing grain size,12.75 a trend similar to the one observed in alumina.54 Data illustrating this trend, commonly associated with interface-controlled diffusional creep,54 are compiled in Fig. 16 and are discussed later. This trend is less obvious at higher stresses and strain rates. The grain-size exponent of 2Y-TZP ranges between 1 and 3, according to the various reports in the literature. However, because the stress exponent can itself be a strong function of the grain size, the grain-size exponent may appear higher at higher stresses.
The above observations are analogous to fine-grained superplasticity in metals and alloys and are generally incompatible with dislocation creep. The following considerations further rule out dislocation creep as a major mechanism in ceramic superplasticity. Flow stress for dislocation motion is strongly dependent on the solute content in zirconia ceramics.76 If the available flow stress data of Y-CSZ76 are extrapolated to lower yttrium content, as appropriate for Y-TZP, they are still much higher, by 1 or 2 orders of magnitude, than the superplastic flow stress shown in Fig. 15(a) . This argument is also reinforced by the independent observation17 that the anticipated dislocation spacing A, which should follow a universal sealing law,77 A = 2bGl0, much exceeds that of the zirconia grain size in most cases, especially at higher temperatures. In this scaling law, G is the shear modulus and b is the Burgers vector. The size of subgrains, if they do exist from regrouping of dislocations, would be even larger.77 Thus, lattice dislocation activities are not likely to be significant in superplastic zirconia, except at very high strain rates.
In the literature of superplastic metals and alloys, transitions between deformation regimes signified by a change of the stress exponent are well documented.2 In contrast, the transition from the superplastic regime (referred to as regime II in the superplasticity 1iterature)p to a dislocation regime (regime Ill) is rarely seen in ceramics. This is primarily due to the fact that most ceramics do not have suff icient strength to resist fracture before the high flow stresses required for the transition can be reached. Moreover, no threshold stress (regime I) is evident in ceramics, at least over the stress range thus far investigated. Thus, ceramic superplasticity, as typified by the data shown in Fig. 15(a) for 2Y-TZP, apparently lies entirely in regime II.
The temperature dependence of Y-TZP follows an Arrhenius behavior, characterized by an activation energy ranging from 530 to 630 kJ/mol.lz.17.*4.75 This value is somewhat higher than the activation energy of cation lattice diffusion in cubic zirconia.37 However, no diffusion data are currently available for any tetragonal zirconia. Note that activation energies for grain-boundary mobility of a variety of TZP, shown in Fig. 5 , which is probably rate limited by lattice diffusion of cations in the space charge cloud, are also higher than the activation energy of ca- Fig. 15(a) , they fall on a single line. Data of the fine-grained Y-CSZ are comparable to those of 2Y-TZP, shown in Fig. 15(a) . tion lattice diffusion in cubic zirconia.36 However, a nonlinear stress dependence and the possibility of interface-controlled creep preclude a definitive interpretation of the activation energy.
Although deformation mechanisms of superplasticity are similar to diffusional creep, circumstances for interfacecontrolled deformation may arise when grain boundaries do not act as perfect sources and sinks for vacancies or they do not slide or migrate freely.78 In this case, the strain rate may increase nonlinearly with stress, and sometimes the materials may even exhibit a threshold deformation stress. For example, interface reactions involving dislocation glide or climb result in a quadratic dependence of strain rate on stress,79 whereas those involving nucleation may show an exponential dependence on stress.80 At smaller grain sizes, when diffusional creep is too fast to be equaled by interface reactions, the nonlinear stress dependence should be accentuated. Solute segregation or particle pinning may also hinder diffusional creep by restricting grain-boundary sliding or migration, which is generally necessary for grain-tograin accommodation. Similar circumstances for interface-controlled deformation may arise when a grain-boundary liquid is present.81
A detailed study of 2Y-TZP containing a copper-rich grain-boundary phase has demonstrated the transition behavior between various mechanisms.24 The stress exponent, grain-size exponent, activation energy, and the effect of the amount of copper(l1) oxide, have been determined. From these data, it has been concluded that, in undoped 2Y-TZP, deformation is controlled by grain-boundary diffusion. In doped 2Y-TZP, below the eutectic temperature, deformation is controlled by diffusion along the copper-rich grainboundary phase and is dependent on the amout of copper(l1) oxide. Above the eutectic temperature, deformation is still enhanced by the liquid present, although the strain rate is now limited by interface reactions and independent of the amount of the liquid phase. The stress exponent increases and the grain-size exponent decreases when grain-boundary melting occurs. As shown in Fig. 17 , this transition is rather abrupt and serves as a good indicator of the presence of a liquid-phase effect in superplastic ceramics, whereas the more gradual rise above the melting point can be attributed to interface reactions. A similar increase of the stress exponent with temperature occurs when a liquid phase is present in alumina. For example, when 2% liquid is added to pure alumina, n increasesfrom 1.1 at 1050°C to 1.5 at 1 1 50"C, as shown in Fig. 17 . The deformation rate is enhanced greatly by the liquid (Fig. 10) . Once again, interface reactions are suggested as the ratelimiting deformation mechanisms.
Substantially similar deformation characteristics have been observed for 3Y-TZP, although data from various reports are slightly more scattered.12.25-28 This is not surprising because of the compositional variations of commercial powders from different sources. Carry has documented such compositional effects28 on deformation behavior in two batches of 3Y-TZP, although further studies are still required to identify the critical elements (probably aluminum and silicon) which influence the flow stress and ductility. More interestingly, even 8Y-CSZ appears to deform at rates similar to those of 2Y-TZP at a comparable grain size and flow stress despite the difference in solute concentration and crystal structure.20 However, in this case, superplastic deformation is quickly overtaken by rapid static and dynamic grain growth and cavitation. The available data for other yttrium-stabilized cubic zirconia of much larger grain sizes and various compositions71-74 are also reasonably similar to that for 2Y-TZP when extrapolated to comparable grain sizes. These data are compiled in Fig.  15(b) . Note also the tendency for the stress exponents to decrease with increasing grain size, as shown in Fig. 16 . The analysis of stress, grain size, and temperature dependence of the deformation data for fine-grained pure alumina, except perhaps at the lowest testing temperature, is complicated by dynamic grain growth. At higher temperatures, static grain growth also becomes prominent and adds to the complexity. However, if the initial strain rate values of fine-grained alumina13 are compared with the extrapolated values from largergrained alumina reported in the literature,54.82 then the values are generally in reasonable agreement as shown in Fig.   18 . It may also be concluded from Fig. 18 that, when magnesia is intentionally added, it enhances the strain rate by a factor of 3 to 4 at most. Fortuitously, the flow stress of alumina happens to be of the same order of magnitude as that of Y-TZP and Y-CSZ of a comparabie grain size. The activation energy ranges from 450 to 530 kJlmo1.13.54.82
At a grain size of 0.5 pm and temperatures between 1250" and 1 400°C, deformation of alumina at low flow stresses is probably controlled by cation diffusion along the grain boundary, limited by interface reactions.54 As evidence, the stress exponent is around 2 and decreases with increasing grain size as shown in Fig. 16 , which is consistent with the interpretation of interface reactioncontrolled mechanisms. The interpretation of interface control in alumina is given further credence by the effect of a small amount of grain-boundary precipitates. When 1000 ppm of insoluble zirconia is added to an otherwise pure alumina, the creep rate is severely suppressed by a factor of about 20.52 Zirconia inclusions/particulates also raise the activation energy to around 750 kJ/mol, which is comparable with that found in alumindzirconia composites.65J2 Thus, although pure alumina deforms at about the same rate as 2Y-TZP of a comparable grain size, alumina may be considerably hardened in a zirconidalumina composite. This is indeed the case, as discussed in the next section.
(2) Effect of a Second Phase
The effect of a second phase on superplastic deformation has been investigated using 2Y-TZPlmullite17.18 and 3Y-TZPlaluminal6.65 as model systems. Mullite composition in these studies is offstoichiometry, being rich in AP+, to maintain an equiaxed grainlinclusion shape. In both cases, there is little mutual solu- bility between constituent phases at the sintering and deformation temperatures. These composites are all superplastic, and may serve as model systems of a soft matrix (TZP) containing equiaxed, and presumably harder, inclusions (mullite and alumina). The particle shape effect of nonequiaxed hard inclusions on superplastic flow has also been considered in the literature17 but will not be further pursued here.
An essentially insoluble second phase can have two effects on deformation resistance of a fine-grained ceramic: (a) a modification of continuum deformation mechanics and (b) a change in interfacerelated deformation characteristics. The first effect can be understood by continuum mechanics, in that the deformation resistance of a composite may be determined entirely by knowing the deformation resistance of the constituent phases, after computing the appropriate Vol. 73, No. 9 stress and strain distributions in the twophase composite.6 The second effect is entirely microscopic, usually localized to grain boundaries and interfaces between phases, and arises from the alteration of the diffusion path, diffusion rate, and interface reactions due to chemical or structural modifications of the interface itself or of interfacial phases. Although the continuum effect becomes significant only at a substantial volume fraction-for example, 2OO/ 083 of the second phase-the microscopic effect can be very pronounced with only a trace amount of additives. Both effects have been observed in superplastic ceramics, and in some cases concurrently, as will be discussed later in this section.
At 1 350°C, the flow stress of mullite is 2 orders of magnitude higher than that of 2Y-TZP of a comparable grain size.17.18.84 Hence, mullite inclusions in 2Y-TZP can be considered rigid. For such a composite, a continuum model, which pictures the composite flow as a nonNewtonian fluid containing rigid particulates, is appropriate.6,17 The prediction of this rheological model is
where v is the volume fraction of the rigid inclusions, Eo is the strain rate of the reference matrix (taken as the one with an identical grain size but without inclusions), and i is the strain rate of the composite. Experimental data for 2Y-TZP containing up to 80 vol% mullite, shown in Fig. 19 , are in very good agreement with this model if mullite is considered to be a rigid, included phase. Deformation data for BY-TZP containing up to 70 vol% alumina, shown in Fig.  19 , are also well described by the rigid inclusion model. This is surprising, however, because pure alumina has a deformation resistance comparable with that of 3Y-TZP, as noted previously. This apparent contradiction becomes explicable if we also recall that even a little zirconia impurity (1 000 ppm) can severely reduce the deformation rate of alumina. Therefore, although pure alumina is no harder than BY-TZP, alumina in a zirconia matrix should behave similar to rigid inclusions, consistent with the data in Fig. 19 . The continuum rheological model with rigid, equiaxed inclusions has thus been verified in superplastic flow of Y-TZP with both mullite and alumina as a second phase.
The effect of a second phase on the microscopic level is already exemplified by the dramatic hardening of pure alumina with a small addition of zirconia.82 This is most likely due to the suppression of interface reactions or hindrance of grain-boundry movement by intergranular zirconia precipitates. Unlike alumina, mullite does not experience such an anomalous hardening effect caused by zirconia additions. On the other hand, small additions of zirconia progressively and substantially reduce the deformation resistance of mullite,'8 as evident from the data shown in Fig. 19 , at near 100% mullite compositions. This softening effect is much larger than that expected from a continuum model that envisions, in this case, zirconia as fluidlike but equiaxed inclusions. Therefore, some microscopic chemical or structrual effect on the grain boundary which facilitates diffusion or sliding is again implied.
(3) Dynamic Grain Growth
A perhaps unique mechanism predominant in superplasticity is dynamic grain growth.85 Strong strain hardening is evident whenever grain growth occurs during superplastic deformation. This becomes significant in Y-TZP above 145O0CI2.39.4O and in pure alumina above 125O0C.41-43 Strong strain hardening was also observed in 12Ce-TZP and 8Y-CSZ at temperatures as low as 1 2OO0C.2O The mechanistic origin of dynamic grain growth is probably related to grainboundary migration.85 These mechanisms are central features of superplasticity and are necessary for maintaining an equiaxed grain shape to large deformation strains. If grain-boundary migration is stochastic, which is usual in grainboundary sliding,86 and is not overdamped by solute drag or particle pinning, then it can lead to stochastic grain growth by chance elimination of certain grains in the process.87 Experimental data confirming this interpretation can be sought by writing the grain growth kinetics in the following form:
where d is the rate of grain growth and 6 is a proportionality constant that couples the strain rate through grain-boundary migration to the grain-growth rate. Thus, dynamic grain growth follows the equation
where do is the initial grain size before deformation.
Experiments deliberately conducted in a temperatrue regime in which static grain growth is negligible (but dynamic grain growth is significant) have verified the above prediction.*o Figure 20 illustrates this behavior for several Ce-TZP ceramics tested in compression under various conditions. A linear correlation between In (d/do) and E is evident, giving a value of 6 of the order of unity. These data eventually deviate from the predicted linear relationship between In d and E . A review of the flow stress at the point of deviation suggests that it is probably high enough for yielding by slip to occur. When the latter becomes the dominant deformation mechanism, grain-boundary sliding, grain-boundary migration, and, hence, dynamic grain growth diminish in importance, and Eq. (4) is no longer valid because i is no longer solely due to the boundary phenomena.
Note that dynamic grain growth never has been observed in coarsegrained (cubic) zirconia71-74 and alumina54 that were deformed in the diffusional creep regime. This strongly suggests that, although diffusional creep also necessarily entails grain-boundary sliding and perhaps grain-boundary migration, the extent of these activities is not as significant as in superplasticity. Indeed, the sliding and migration could be qualitatively quite different in nature in that grain switching,41 grain rotation,5 and grain-shape transformation,e occurring in superplasticity, do not seem important for diffusional creep. Both considerations may dictate that deformation-stimulated stochastic grain growth is less likely in diffusional creep than that in superplasticity.
Dynamic grain growth introduces several complications to the stress-strain curves and the parameters in the constitutive equation (Eq. (1) ). Using the relation between grain size and strain it is possible to recast the standard constitutive equation (Eq. (1) ) into the following form: (6) In (I 
From Fig. 20 we find that 6 approaches unity. If we let p be 2 to 3 and n be 1.5 to 2, then 6p/n is between 1 and 2. Using this form, stress-strain curves of Ce-TZP and pure alumina (1 250°C), which all suffer from severe dynamic grain growth but no static grain growth, are replotted in Fig. 21 . Except for initial transients related to the elastic portions of the stressstrain curves, data in each branch appear to have a slope of 2, as expected from the above interpretation. For 8Y-CSZ20 and alumina at higher temperatures, static grain growth is also prominent. This causes a higher strain hardening initially. At the later stage, as static grain growth decreases with increasing grain size, the terminal slope then approaches 2 again. These features are evident from their respective stress-strain curves, as shown in Fig. 21 . The later leveling-off and the eventual drop of the flow stress in alumina (1 400°C) is due to cavitation (see Fig. 9(c) ).
Temperature dependence of deforma- tion may also be altered by dynamic grain growth. At higher temperatures, dynamic grain growth is faster because of a higher grain-boundary mobility. This causes increasing strain hardening and lowering of the apparent activation energy.
(4) Summary
In summary, deformation mechanisms controlling superplasticity in fine-grained ceramics are similar to diffusional creep and are dominated by grain-boundary diffusion. Very fine grain sizes and the frequent presence of a grain-boundary phase seem to cause interface reactions to become the rate-limiting step in many instances. The basic deformation characteristics of a material can be altered by the addition of a second phase, which causes hardening or softening, and by dynamic grain growth, which causes strain hardening. Semiempirical models are available to describe the various constitutive behaviors observed experimentally.
IV. Superplastic Forming

(I) Formability Test
Many attempts have been made to form zirconia and other ceramics into shapes in the superplastic regime. The following forming methods have been attempted: uniaxial tension, uniaxial compression, bending, extrusion, inverse extrusion, and shell forming. These are shown schematically in Fig. 22 , which indicates the dominant strain states of each method. Some methods involve tensile strain in one direction, such as uniaxial tension and bending (D" and C88 in Fig.  22 ). Others are dominated by compression, such as extrusion and inverse extrusion (Fa9 and G*Q in Fig. 22 ). In the shell-forming experiment (E in Fig. 22 ) of Mocellin et a/.,aQ a balanced tensioncompression path was used. In bending of a wide plate (BE8 in Fig. 22 ) plane strain tension is encountered. Forming methods dominated by compression can also use powder preforms to achieve densification and shaping in one step, for example, in sinter forging and extrusion.
To evaluate formability of superplastic ceramics, a punch-stretching test (A in Fig. 22 ) has been developed.QO This test was initially developed by metallurgists for evaluating sheet formability of metals at room temperature.3.91 Both mechanical and practical considerations have established that such a test is more severe and informative than the conventional tensile test for the above purpose, at least for sheet-forming processes.3,91 In this test, an initially flat ceramic disk was punched at high temperature into a hat shape. The forming conditions-i.e., forming stress, strain rate, and temperature required to successfully complete the operationthen provide an indication of the formability of the ceramic. During forming, the disk was supported at the rim and was stretched over a hemispherical punch of a radius of 6.5 mm. In some experiments, to ensure that there was no drawing-in of the material during subsequent stretching, a groove was first formed between matching dies, and the disk was clamped firmly, as shown in Fig. 23(a) . The punch was advanced at a programmed displacement rate until a bulged dome of a height equal to the punch radius was formed. At this point, the surface area of the dome is approximately twice that of the base, corresponding to a biaxial engineering strain of 1 OOO/o. Figure 1 shows a number of superplastically punch-stretched ceramics, with their approximate forming temperatures and times indicated. Generally, the required forming time increases with lower forming temperatures. This trend is shown by the three curves, which broadly outline the forming conditions for the three groups of ceramics. Among them, the zirconia ceramics with grain-boundary additives have the lowest forming temperature. Other oxide ceramics, especially ones with higher alumina content, required a higher forming temperature. Zirconia/mullite composites behave similarly, altough mullite has not yet been made superplastic. In the case of silicon nitride, 1500°C was necessary for successful punch stretching. Under the optimal forming conditions, 2Y-TZP with 0.3 molo/o copper(l1) oxide additive can be formed at 1150°C in 10 min.90 A specimen so formed is shown in Fig. 23(b) . Excellent surface finish is obtained in all cases, except alumina, by punch stretching.
The strain distribution of the punchstretched object has been measured using markers inscribed onto the surface of the disk before forming.g0 This is shown in Fig. 24 , in which strains are expressed as true strain. The slight depression around the pole is due to friction between the punch and the disk. A detailed analysis of the forming mechanics, which correctly predicts the strain distribution and the forming load-displacement curve measured experimentally, has been performed elsewhere.19.90 To understand these results and for an order of magnitude estimation, we may approximate the punch-stretching test as pressure bulging from a circular disk to a hemispherical shell of the same radius. Because the total engineering strain is 1 OO%, the average strain rate is simply T-', where T is the total forming time. The forming pressure f on the shell must satisfy the yield criterion.
f=2Yt/R (7) where Yis the flow stress in uniaxial tension at the appropriate strain rate, t is the thickness, and R is the punchldisk radius. This bulge pressure is related to the punch load P through
where p is the half angle subtended by the edge of the punch contact to the center line. At the end of punch stretching, when the height of the dome is equal to the radius, p is 90" to 69" for NR varying from 0 to 0.1. Using Eqs. (7) and (8) Figs. 25(a) and (b) for several materials formed under various loadingldisplacement conditions. During forming under a constant displacement rate, the average strain rate of the stretched material increases monotonically with time, reaching a maximum at the end. This causes a corresponding increase of forming stress. Using a variable displacement rate, which is faster initially but slower near the end, an approximate constant strain rate path can be achieved. This has the advantage of lowering the peak stress without necessarily increasing the total forming time so that failure probability is reduced.90 A series of forming curves for a number of superplastic ceramics formed under this more favorable condition are shown in Fig. 25(b) . Another alternative strategy used to lower the forming stress is to use a variable temperature ramp, which starts forming at a lower temperature and ends 3 x 10-4 S-1. 
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VoI. 73, No. 9 at a higher temperature. An example of the latter, using a constant heating rate, is shown in Fig. 25(c) . We have successfully formed silicon nitride and alumina using the latter schedule.
(2) Fracture Control
Formability is dictated by the strain to failure along the appropriate strain path representative of the forming route. Tensile ductilities of superplastic metals and alloys are known to correlate well with strain-rate sensitivity, m {i.e.% the reciprocal stress exponent).' The higher the strain-rate sensitivity, the higher the tensile ductility. Such a correlation does not hold for superplastic ceramics, as shown in Fig. 26(a) . To understand this, we recall that the physical basis of the ductility-rn correlation is in the stability against necking, which increases with rn for a strain-rate-sensitivity material.3.8 The failure of this correlation, therefore, implies that, for superplastic ceramics, deformation stability is still essential, but is rarely the limiting factor for tensile ductility. Indeed, ductilities of superplastic ceramics should be much higher than those actually observed under most circumstances if necking were responsible for failure.
As a practical matter, grain-boundary decohesion always limits tensile ductility in superplastic ceramics. Although the exact mechanisms remain to be established, existing evidence supports the opinion that cavitation or grain-boundary cracking precedes fracture. Thus, cavitation resistance must figure prominently in evaluating formability. The central importance of grain-boundary cohesive strength, which controls the cavitation resistance, can thus be understood. On the other hand, for a given material, cavity and crack nucleation at grain boundaries under creep conditions is relatively insensitive to the temperature but extremely sensitive to the flow stress.86.92-94 The latter is, in turn, controlled by deformation temperature, strain rate, and strain hardening. This would suggest that a better correlation for formability may be one relating ductility to flow stress rather than to strain-rate sensitivity. The available data for tensile ductilities of all superplastic ceramics thus far reported, plotted in Fig.  26(b) , seem to support such a proposition in that a reasonably good correlation exists between increasing tensile elongation and decreasing flow stress for each group of materials. Indeed, after normalizing the flow stress by the reference stress that causes failure at 1000/0 elongation for Fig. 26(a) ). (c) Close correlation between tensile elongation and normalized flow stress. The flow stress of each material is normalized by O~O O O /~, which is the flow stress in Fig, 26(b) at an elongation of 100% for each material. each group of ceramics, a clear trend common to all superplastic ceramics emerges, as shown in Fig. 261~ ). This may be contrasted with the common observation, for superplastic metals and alloys, of a ductility maximum at an intermediate flow stress, which coincides with the maximum of strain-rate sensitivity.2.3 Because the strain rate sensitivity is largely independent of elongation in Fig.  26(a) , the strong correlation between elongation and flow stress in Figs. 26(b) and (c) must be regarded as a manifestation of the stress-controlled failure process unique to ceramics.
In the case of alumind3Y-TZP composites, Wakai et al. have previously noted that the average alumina grain size correlates poorly with ductility, but that the size of the largest alumina grains in the composites correlates weIl.4 This observation seems particularly explicable for alumina, which is prone to anisotropic, abnormal grain growth. The few large grains in an otherwise fine-grained matrix have a relatively minor influence on the average flow stress (see Eq. (3)) but cause considerable stress concentrations because of their poorer diffusional accommodation as a result of the longer diffusion distances in their vicinity. Therefore, these grains can cause enhanced cavitation, which is detrimental to tensile ductility. Other stress-concentrating heterogeneities will have a similar effect. Likewise, the deleterious effect of strain hardening on ceramic superplasticity is understandable, despite its supposedly beneficial influence on deformation stability.8 Lowering the flow stress and increasing the grain-boundary strength thus provide the most effective methods for improving superplastic formability. For ceramics, the superplastic punchstretching test described above is a much more severe formability test than the uniaxial tension test favored by most investigators to characterize superplasticity. Generally speaking, fractures in ceramics are initiated at preexisting flaws introduced by preparation steps such as powder packing, sintering, and machining. In uniaxial tension, only preexisting cracks perpendicular to the stress axis may cause fracture. In biaxial stretching, cracks of all orientations are being stressed and may be fatal. Although the flaw tolerance at the forming temperature has been dramatically improved in superplastic ceramics, most of our failures that occurred were brittle in nature, especially at higher forming rates.lgThis also supports the conclusion that grain-boundary decohesion rather than necking is the failure-controlling event. Because variously oriented cracks are stressed and failure is brittle in nature, biaxial stretching experiments are much needed demonstration tests which should be routinely performed for superplastic ceramics to ensure their silitability for practical sheetforming in applications.
For reliable, flaw-free forming, the current practice in the superplastic metal industry is to use pressure forming in a configuration where the differential pressure effects shape deformation while the mean pressure suppresses cavitation.7,9,'O In theory, a pressure on the order of the flow stress should be sufficient for suppression of cavity growth,95.96 thus avoiding failure. Such an approach has been found to be successful for glassceramics, which can be stretched to lOOO/o once cavitation is suppressed.97 Because of the propensity for cavitation in many ceramics and the paramount importance of reliability to ceramic applications, we predict that a similar practice wi Jl eventually be adoped if superplastic sheet forming of structural ceramics should become a commercial endeavor.
V. Conclusions
Since the discovery of ceramic superplasticity in 1986, considerable progress in zirconia and other superplastic ceramics has been achieved. In this paper, we have attempted to provide instructive examples from this experience. Through these examples, we have emphasized the importance of structural and processing controls in achieving a superior microstructure and formability, the central role of static and dynamic characteristics of grain boundaries and phase boundaries, and the major differences between superplastic ceramics and their counterparts in metals and alloys. With powders of ever-improving sinterability and finer particle size becoming increasingly available, a lower sintering temperature;which is synonymous to a more uniform and finer microstructure, has been achieved for several major structural ceramics during the last few years. Complementary research on physical ceramics has further elucidated some of the basic principles of microchemical and microstructural control and directed the way of alloy development for better deformability and ductility. These interrelated materials considerations, previously outlined in Fig. 2 , have now been addressed in some detail in this paper. The key issues discovered here are summarized in a block diagram in Fig. 27 for various structureproperty-processing relationships. Although the implementation and specifics may vary from ceramic to ceramic, and further basic and applied research is still desirable, it is our hope that Fig. 27 will nevertheless provide a sketchy but useful "road map" to guide future superplastic ceramic development.
Looking forward, it is our opinion that most, if not all, ceramics can be rendered superplastic at reasonable forming temperatures and forming times no higher or longer than those currently used in commercial practice for ceramic sintering. We believe that our optimism is well based, judging from the experience in zirconia, alumina, silicon nitride, and their cornpos- ites. More broadly speaking, however, we must be reminded that, although a sound technical concept such as superplastic forming of ceramics may appear attractive and feasible, its eventual utilization, if at all, is largely decided upon by the market force. We are cautiously confident that, as the demand for structural ceramics grows in future years, superplastic ceramics will be further developed and that this unique net-shape manufacturing method will be applied to industrial processes.
